We investigated the effectiveness of Escherichia coli community fingerprinting for identifying fecal pollution sources impacting a recreational beach. E. coli in water collected from the beach, nearby creek and storm sewer outfall were enumerated using membrane filtration, while E. coli communities were characterized following polymerase chain reaction analysis and denaturing gradient gel electrophoresis (DGGE) fingerprinting. Analysis of E. coli densities to determine the contributions of the creek and storm sewer during dry weather was inconclusive. However, DGGE fingerprinting indicated that the creek E. coli communities had a greater impact on the beach community composition (80-95% similarity), than on storm sewer communities (41-64%). Following rainfall events, E. coli communities in the creek were at least 93% similar to those at the beach, while the similarity of the outfall and beach communities varied from 72 to 96%. Furthermore, E. coli communities at the beach were more similar to creek communities than to storm sewer communities after the first 2 h and 48 h following the onset of rainfall, and of comparable similarity following 24 h of rainfall, suggesting transient contributions from the storm sewer. DGGE analysis of E. coli communities provided evidence that the creek was a consistent source of E. coli to the beach, while the storm sewer was a transient source.
INTRODUCTION
Contact with polluted water can result in a number of illnesses ranging from skin rashes and eye infections to more serious gastrointestinal and respiratory diseases (Natural Resources Defense Council (NRDC) ). Furthermore, the number of beach advisories in the United States and the incidences of waterborne-disease outbreaks associated with recreational water use have been steadily increasing (Hilborn et al. ) . This trend is exacerbated by expanding coastal urbanization (National Oceanic and Atmospheric Administration (NOAA) ), which results in increases in impervious surfaces (Paul & Meyer ) , stress to recreational waters (Mallin et al. ) and runoff of pollution following rainfall events (Boehm et It is imperative to identify and mitigate sources of frequently occurring fecal pollution in order to limit the incidences of water-associated illnesses resulting from exposure to contaminated recreational water (Simpson et al. ) . Numerous bacteria source-tracking methods have been proposed for identifying fecal pollution sources.
In many cases, these methods focus on identifying the host origin of an indicator organism and require the construction of libraries that contain thousands of isolates and need regular updating (Simpson et al. ; Meays et al. ) , which is time consuming and resource intensive. An alternative approach to identifying pollution sources is to determine, 'geographically', where fecal pollution originates. Community fingerprinting can facilitate this effort by effectively distinguishing assemblages of bacteria based on differences in whole communities of fecal indicator bacteria (not isolates) sampled from suspected sources and sinks (Farnleitner et al. ) . For example, denaturing gradient gel electrophoresis (DGGE) analysis reproducibly differentiates complex microbial communities by separating polymerase chain reaction (PCR) amplicons that differ in DNA sequence by as little as one nucleotide (Muyzer et al. ) . Previous studies have demonstrated the effectiveness of DGGE analysis to differentiate Escherichia coli communities in natural waters (Farnleitner et al. ; Sigler & Pasutti ) . Further analysis identified a highly polymorphic E. coli-specific gene that is capable of differentiating E. coli communities from various hosts (Esseili et al. ) . The optimized method was applied to show that geese and wastewater effluent contributed to fecal pollution of surface waters (Esseili et al. ) . In addition, DGGE analysis also revealed that following offfield movement through drainage tiles, E. coli communities originating in land-applied biosolids were responsible for the contamination of the downstream surface (Esseili et al. ) . In these studies, despite changing environmental conditions and temporal changes in bacteria density and community structure that complicate the process of pollution source identification, bacteria transport pathways and pollution sources were effectively characterized. Therefore, it follows that DGGE analysis could be a useful technique to identify pollution sources on a watershed scale.
In this study, DGGE analysis was used to characterize bacteria pollution occurring at Huntington Beach, located on Lake Erie in northern Ohio. During the past 6 years, the beach has been the subject of annual water quality advisories that impact the beach for an average of 15 days (17.5%) during the summer swim season (Nowcast ), and is ranked among Ohio's most polluted beaches with regard to water quality standard exceedance days (NRDC ). The consistency of advisories suggests that the beach is impacted by a persistent source(s) of fecal pollution. Two sources suspected of contributing pollution to the beach water quality include: (1) Porter Creek, which discharges immediately east of the beach; and (2) the outfall of the city storm sewer network, which discharges west of the beach. Therefore, based on (1) the established utility of community fingerprinting to differentiate E. coli communities originating from discrete sources, and (2) the need to identify source(s) of bacteria pollution to coastal areas, the overall objective of this study was to identify the geographic sources of fecal pollution sources to Huntington Beach.
MATERIALS AND METHODS

Study sites
Huntington Beach (41 o 29 0 28″ N 81 o 56 0 05″ W) is located in Cuyahoga County, Ohio on the southern shore of Lake Erie during dry weather and 1.5 L s À1 following rainfall events.
Water sampling
Water sampling was performed during dry weather (following at least 72 h of no precipitation) and wet weather conditions (described below), including four dry events (termed D1, D2, D3 and D4) and three wet weather events (W1, W2 and W3) that occurred over a 2-year period, during the swimming season (May to September). During the swimming season of the first year, D1, D2, W1 and W2 were sampled while D3, D4 and W3 were sampled during the second year. Specifically, samplings during events W1 and W2 were performed following low (16 h after ∼4 mm of rain) and high (5 h after 23 mm of rain) volume rainfall events, respectively. To better understand if bacteria densities and communities from Porter Creek and the storm sewer change over the course of a rainfall event, a third wet weather event (W3) included multiple samplings performed 2, 24 and 48 h following the accumulation of 10 mm of rainfall. This threshold depth was chosen, as it represents the average rainfall depth occurring within a 24 h storm event during the swim season (data from www.ohionowcast.info).
Water samples from the beach and Porter Creek were obtained by inverting a sterile Nalgene bottle approximately 30 cm below the water surface in an area that was, on average, 0.7 m deep, while water samples were obtained from the storm sewer outfall by collecting water as it exited the outfall. Samples were collected in triplicate and maintained on ice until analysis was performed, which was always within 6 hours of collection. Hourly rainfall data were obtained from Cleveland-Hopkins International airport Creek were significantly higher than those from the beach sites ( Figure 4) ; however, the overall E. coli levels at all sites were within the range of values observed for dry weather events (125 ± 13 CFU 100 mL À1 at Site A to 114 ± 4 CFU 100 mL À1 at Site D).
During event W2, E. coli densities at all beach sites
(1,467 ± 251 CFU 100 mL À1 at Site A to 3,200 ± 519 CFU 100 mL À1 at Site D) exceeded the values observed during dry weather events mentioned above (Figure 4 ). E. coli densities in the storm sewer outfall and Porter Creek were significantly higher than those found at the west and east beach sites (A and D), respectively.
During wet weather, the similarity of E. coli communities in Porter Creek to those in the storm sewer outfall was variable and dependent on the rainfall intensity. For example, during the relatively light rainfall event W1, E. coli communities from the beach were 93% similar to those in Porter Creek and 72% similar to those in the storm sewer outfall (Figure 4, W1) . However, during the heavier event W2, E. coli communities from Porter Creek and the storm sewer outfall were 97 and 96% similar, respectively, to those at the beach (with exception of site A), suggesting a dual contribution of E. coli from both the creek and the storm sewer to the beach.
To better understand the contributions of E. coli in the creek and outfall to the beach pollution, a more detailed, temporal sampling was performed during a third wet weather event. After two hours of rainfall (10 mm), E. coli densities in Porter Creek (63,000 ± 7,089 CFU 100 mL À1 ) were significantly higher than those in the storm sewer (23,500 ± 2,000 CFU 100 mL À1 ), and both sites exhibited E. coli densities significantly higher than those at any beach site ( Figure 5(a) ). Throughout the next 24 hours, 13 mm of additional rainfall accumulated, and E. coli densities in both Porter Creek and the storm sewer outfall gradually decreased to levels similar to those observed during dry weather (Figures 5(b) and 5(c)). During this time, the dynamics of E. coli densities at the beach sites indicated the east-to-west movement of an E. coli front.
Specifically, E. coli densities at site D (easternmost site)
were at a maximum after 2 h, and then gradually decreased to levels observed in dry weather samples after 48 h. E. coli densities at beach sites A, B and C (west of site D) were initially low after 2 h of rainfall, but then peaked following 24 h and decreased to levels similar to those observed during dry weather after 48 h.
During the early stages of the rainfall event, E. coli communities at the beach sites exhibited greater similarity to those at Porter Creek than to communities at the storm sewer. However, both values were above the cut-off similarity value, suggesting that both sources played a role in polluting the beach. Specifically, 2 h after the accumulation of 10 mm of rainfall, E. coli communities in Porter Creek were 91% similar to those at the beach (99% similar to communities at Site D; Figure 5(a) ), whereas communities in the storm sewer outfall were 82% similar to those at the beach (Table 1) . After 24 h, the communities from the beach sites A and B, Porter Creek and the storm sewer were 92% similar ( Figure 5(b) ), and by 48 h, the similarity of all beach sites to Porter Creek and the storm sewer decreased to 87% and 72%, respectively (Figure 5(c) and 
CONCLUSION
The results of this study support storm water management practices aimed at alleviating the effect of urban runoff on recreational waters at Huntington Beach. By combining enumeration and genetic fingerprinting analyses, Porter
Creek was identified as a persistent source of E. coli to Huntington Beach during dry and wet weather, while the contribution of the storm sewer outfall was transient and occurred only shortly following relatively high intensity rainfall events. Furthermore, our results strongly suggested that Porter Creek and the storm sewer network are each impacted by overland runoff from common sources within the watershed, as the E. coli community similarity in the creek and outfall increased during rainfall events. Because the community fingerprinting approach facilitates the identification of the pollution hot spots impacting the watershed, subsequent research efforts should aim to identify potential inland sources of pollution that contribute to the E. coli load in the creek and storm sewer network, and ultimately to the beach.
